ABSTRACT The present paper proposes a design method for synthesizing a frequency selective surface (FSS) based dual-band composite radome wall with high angular stability. In the proposed method, a generalized composite structure composed of two FSS arrays embedded within dielectric layers has been adopted to obtain the dual-band second-order band-pass transmission characteristic. To describe this transmission characteristic, a novel equivalent circuit model has been established. By this equivalent circuit model, the optimized structural parameters can be derived from the desired resonant frequency and bandwidth of the pass-bands via a curve-fitting method. Also, discussions and principles for designing the dielectric layers have been provided to achieve the high angular stability. The simulated results show that the designed radome wall can provide two pass-bands operating at 10GHz and 14GHz with a bandwidth of 2GHz and 1.8GHz, respectively. And the two pass-bands are stable at 60 • incident angle for both TE and TM polarizations. For verification, a dual-band composite radome wall has been designed, fabricated and measured. Good agreements between the simulated and the measured results can be observed.
I. INTRODUCTION
Nowadays, radomes are widely applied in the microwave field to protect the radar system from the damage of outside environments. For example, the airborne radomes are placed in front of the aircraft to protect the radar guidance system from the damage of aerodynamic force and heat [1] - [3] . Usually, radomes are placed in the near field region of the antenna and their existence will affect the propagation of the electromagnetic wave. Then, the guidance accuracy of the radar system will be influenced. Hence, for an ideal radome, it should be designed to be transparent to the working frequency of the radar system.
Under some circumstances, to meet the requirements of multiband communication, it is desired that the radome can provide two or more independent frequency bands. For this purpose, different structures and methods have been investigated to construct the radome wall with the dualband or multi-band characteristic. Typically, the dual-band
The associate editor coordinating the review of this article and approving it for publication was Qingfeng Zhang.
or multi-band characteristic can be achieved by adopting the multilayer structure. For example, a multi-layered graded porous airborne nose-cone radome, which can provide two pass-bands working at X and K bands, has been proposed in [4] . Besides the multi-layered graded structure, sandwich structures have also been widely adopted to realize the dual-band or multi-band transmission characteristic for radome applications. For example, a design scheme based on the theory of small reflections has been proposed in [5] to design dual-band or multi-band A-sandwich radome. Actually, no matter what kind of the composite structure is adopted, the acquisition of the dual-band or multiband transmission characteristic is challenging. Especially for the radome applications, it is desired that the dual-band or multiband transmission characteristic should be stable at oblique incidence.
Recently, with the development of periodic structures including frequency selective surface (FSS) [6] - [13] , metasurface or metamaterial [14] , [15] and so on, novel composite structures composed of periodic arrays embedded within dielectric layers have been widely investigated and proposed VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ to construct radome walls. A novel metamaterial FSS structure has been designed and applied to construct a dualband radome operating at V and W frequency bands in [16] . A composite structure composed of FSS arrays embedded in dielectric substrates has been proposed in [17] to realize a dual-band radome for high off-normal incidence. The metamaterial layer composed of photovoltaic cells has been designed to realize a dual-band characteristic for radome application in [18] . Within these novel composite structures, FSS based composite structures have attracted the attention of researchers for their great application value in low radar signature aircrafts [19] - [21] . Distinguished from the alldielectric composite structure mentioned above, the transmission characteristic of the FSS based composite structure is mainly determined by the structural parameters of the FSS elements and can be influenced by the surrounding dielectric substrates. By properly designing the structure of the FSS element, the dual-band or multi-band transmission characteristic can be obtained. Hence, the FSS based composite structure is more suitable to construct the radome wall with specific transmission characteristic requirements. Most studies mentioned above focus on the design of novel composite structures rather than the synthesis problem of acquiring the optimized structural parameters from the desired transmission characteristic.
To solve the synthesis problem of FSS based composite structure, a design method based on the combination of the particle swarm optimization (PSO) algorithm and the pixel-overlap technique has been proposed in [22] to obtain the optimized structural parameters according to the desired transmission characteristic. This method provides a feasible solution for the FSS radome synthesis problem. Also, design methods for synthesizing the dual-band FSS has been proposed in [23] , [24] , which may be applied to design the FSS radome wall. However, the angular stability of the transmission characteristic can't be obtained with the method in [22] . As discussed in [25] , the angular stability of the FSS structure can be compensated by bonding dielectric substrate with low permittivity outside the FSS arrays. This method does not take the mechanical strength requirements of radome into consideration. To meet the requirements of FSS radome, a feasible compensation technique has been proposed in [26] . In the proposed technique in [26] , the angular stability of FSS structure is obtained by bonding multilayer dielectric substrate composed of low and high permittivity layers and the design equations for determining the parameters of the dielectric layers have also been provided. Furthermore, a design method for synthesizing the FSS radome wall with high angular stability has been proposed in [27] . However, the studies in [26] and [27] are only suitable for the FSS radome with a single frequency band. For the FSS radome wall with two or more frequency bands, the design methods in [26] and [27] are no longer suitable.
In this paper, we aim at the synthesis problem of FSS based composite structure, which can provide two pass-bands with high angular stability. In the proposed method, the optimized structural parameters of the composite structure are derived from the desired transmission characteristic via the curvefitting method and discussions on improving the angular stability have been carried out. An FSS radome wall has been fabricated and tested according to the optimal design results. It was demonstrated that the designed radome wall can provide two pass-bands operating at 10GHz and 14GHz, respectively. Also, the two pass-bands are stable at 60 • incident angle for both TE and TM polarizations.
II. THE PROPOSED DESIGN METHOD
In order to design the dual-band composite radome wall with high angular stability, there are two basic problems to be solved. The first problem is that how to acquire the optimized structural parameters of the FSS elements from the desired transmission characteristic. The second one is that how to improve the angular stability of the transmission characteristic. To solve these basic problems, a design method for synthesizing the composite radome with high angular stability has been proposed in [27] . However, the method in [27] is only suitable for the composite radome wall with a single frequency band. For the composite radome wall with two frequency bands, some modifications should be carried out. In the proposed design method, we firstly propose a generalized composite structure to construct the radome wall. Then, a proper equivalent circuit model has been established to depict the dual-band transmission characteristic. Once the equivalent circuit model is built, the values of the equivalent circuit parameters can be derived from the desired transmission characteristic according to the equivalent circuit theory. After acquiring the values of the equivalent circuit parameters, the structural parameters of the FSS elements can be determined via a curve-fitting method as proposed in [27] . In addition, in order to improve the angular stability of the dual-band composite radome wall, principles and equations for designing the dielectric layers have been discussed and provided.
A. THE GENERALIZED COMPOSITE STRUCTURE AND ITS EQUIVALENT CIRCUIT MODEL
As mentioned above, the proposed method aims at the synthesis problem of the FSS based composite structure, which can provide two second-order pass-bands with high angular stability. For this purpose, the generalized composite structure shown in Fig.1 has been adopted. In which, the two FSS arrays are cascaded and separated by the core layer to achieve the second-order frequency response. As discussed in [26] , the multilayer dielectric substrates composed of low and high permittivity layers are bonded outside the FSS arrays to improve the angular stability. Here, the foam material has been adopted to construct the low permittivity layer and the glass fiber reinforced composite (GFRC) has been chosen to construct the skin layer with a high permittivity. Obviously, to obtain the angular stable dual-band transmission characteristic, structural parameters of the FSS elements and the dielectric layers should be well designed. Typically, the transmission characteristic of the FSS structure can be predicted via its equivalent circuit model. Hence, to depict the transmission characteristic of the FSS based composite structure, we first establish the equivalent circuit model of the generalized composite structure. As shown in Fig.2 (a) , the dielectric layers can be modeled by short transmission lines and the FSS arrays can be depicted by reactance components. In which, Z i (i = 1, 2, 3) is the wave impedance of the skin layer, the foam layer, and the core layer, respectively; Y i (i = 1, 2) is the equivalent admittance of the two FSS arrays, respectively. In our work, it is desired that the generalized composite structure can provide the dual-band transmission characteristic. To meet this requirement, each FSS array should provide two independent pass-bands. To depict this dual-band transmission characteristic of each FSS array, proper lumped LC reactive circuits should be established. Actually, there are various LC reactive circuits to describe the dual-band transmission characteristic. In our work, we have adopted the parallel of an inductor and two series LC resonators. Then, the equivalent circuit model shown in Fig.2 (a) can be converted into that shown in Fig.2 
are the equivalent circuit parameters of the two FSS arrays, respectively.
As indicated by the equivalent circuit model in Fig.2 (b), when the two series LC resonators resonate, two transmission zeroes will be formed. The resonant frequencies of the transmission zeroes can be determined by
(1)
Meanwhile, if the inductance and the first series LC resonator resonate, a transmission pole will be formed and its resonant frequency can be approximately predicted by
In addition, the second transmission pole will be produced between the two transmission zeroes and the resonant frequency of the second pass-band can be calculated by
Based on the discussions above, we can find that the adopted lumped LC reactive circuit can describe the dual-band bandpass transmission characteristic of the FSS array. If the two FSS arrays have the same resonant frequencies at the transmission poles, the dual-layer FSS structure will provide the second-order frequency response. Meanwhile, by adjusting the resonant frequencies at the transmission zeroes, the outband transmission characteristic can be controlled.
B. DETERMINATION OF THE EQUIVALENT CIRCUIT PARAMETERS
In order to obtain the structural parameters of the FSS elements, the values of the equivalent circuit parameters should be firstly determined from the desired transmission characteristic. For this purpose, the equivalent circuit model of dualband second-order band-pass filter shown in Fig.3 (a) has been proposed. As can be observed, the proposed equivalent circuit model is composed of two resonant paths and each resonant path describes the second-order bandpass characteristic of one single frequency band. In our work, the frequency response of the FSS layers is depicted by the parallel of an inductor and two series LC resonators, in which, the inductor and the first series LC resonator mainly affect the first passband. The second pass-band is mainly influenced by the two series LC resonators. Hence, the equivalent circuit model in Fig.2 (b) can be converted into the ''two paths form'' shown in Fig. 3(b) . Based on the microwave filter theory, the values of the equivalent circuit parameters in Fig.3 (a) can be determined, as follows:
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(7)
where f j p1 and f j z1 (j = 1, 2) are the first transmission pole's resonant frequency and the first transmission zero's resonant frequency of the two FSS arrays, respectively.
For the second resonant path: Equations in (10)- (13), as shown at the bottom of this page.
In which, f (11) will be adopted. After acquiring the values of the equivalent circuit parameters, the desired transmission coefficient can be calculated by the transfer matrix method (TMM) [28] , as follows
A
where
With
In which,h i (i = 1, 2, 3) are the thickness of the skin layer, the foam layer, and the core layer, respectively; Z i (i = 1, 2, 3) are the wave impedance of the skin layer, the foam layer, and the core layer, respectively. Z i (i = 1, 2, 3) equal to Z 0 / ε i − sin 2 θ and Z 0 ε i − sin 2 θ /ε i for TE and TM polarization, respectively. c is the speed of light in free space. Once the desired transmission coefficient is obtained, the optimal structural parameters can be derived from the desired transmission coefficient curve via the curve-fitting method proposed in [27] .
C. DESIGN OF THE DIELECTRIC LAYERS
In our work, the composite structure is designed to achieve a second-order dual-band transmission characteristic with high angular stability. For this purpose, the dielectric layers should be properly designed. The second-order transmission characteristic can be obtained by placing the λ/4 thickness spacer between the two FSS arrays and the high angular stability will be achieved by bonding multilayer dielectric substrate composed of low and high permittivity layers outside the FSS arrays. For the single band radome wall, thicknesses of the skin layer, the foam layer, and the core layer can be determined by
where ε i ( i = 1, 2, 3) are the relative permittivity of the skin layer, the foam layer, and the core layer, respectively; θ max is the largest incident angle; λ 0 is the wavelength of the working frequency in free space; k is the proportional coefficient, whose optimized value is 0.25 and value range should be 0.15 ≤ k ≤ 0.35, as discussed in [26] . As indicated by (21) ∼ (23), the thicknesses of the dielectric layers are related to the wavelength of the working frequency λ 0 . However, for the dual-band radome wall, there are two working frequencies f L and f H . As a result, in order to apply these equations to design the dual-band composite radome wall, discussions should be carried out to determine the values of λ 0 in (21) ∼ (23). For the value of λ 0 in (23), it mainly affects the coupling effect between the two FSS arrays. If the thickness between the FSS arrays is larger than 0.25 λ r (λ r is the wavelength in the core layer), the flat-top characteristic of the second-order pass-band will worsen and the insertion loss will increase. Hence, in (23), the value of λ 0 should be set to be c/f H , where c is the speed of light in free space. For the value of λ 0 in (21) and (22), it mainly affects the angular stability of the radome wall. As mentioned above, the structure will obtain a high angular stability on condition that the value range of k is 0.15 k 0.35. The best angular stability will be achieved if the value of k is 0.25. Hence, from this constraint, we can obtain the value range of λ 0 in (21) and (22), as follows: 0.6c/f L λ 0 1.4c/f H . In general, to obtain the flat-top transmission characteristic and the high angular stability, the value of λ 0 should be chosen within the following constraint (21) and (22) 
III. VERIFICATION OF THE PROPOSED METHOD A. IMPLEMENT OF THE PROPOSED METHOD
In this section, the proposed method is applied to design a dual-band composite radome wall to verify its validity. It is desired that the designed radome wall can provide two passbands operating at f L = 10GHz and f H = 14GHz, respectively. The -3dB bandwidth of the two pass-bands is BW 1 = 2GHz and BW 2 = 1.7GHz, respectively. Meanwhile, the two pass-bands should be stable at 60 • incident angle for both TE and TM polarizations. To meet these requirements, the composite structure shown in Fig. 4 has been adopted, in which, the gridded double square loop (G-DSL) element has been applied to construct the two FSS arrays. This is because that the equivalent circuit model of the G-DSL element is the parallel of an inductor and two series LC resonators. In addition, the glass fiber reinforced composite (GFRC) with a relative permittivity of ε 1 = 3.15 and a loss tangent of tgδ 1 = 0.015 has been taken to be the skin layers; the PMI foam with a relative permittivity of ε 2 = 1.1 and a loss tangent of tgδ 2 = 0.005 is chosen as the foam layers; the core layers are set to be the composite laminate, which has a relative permittivity of ε 3 = 2.3 and a loss tangent of tgδ 3 = 0.003. To obtain the desired transmission characteristic, the thicknesses of the dielectric layers are first determined. As indicated by (23) and (24), the thickness of the core layer is calculated to be h 3 = 3.53mm. Then, we can determine the thicknesses of the skin layer and the foam layer by (21) and (22) . Before using (21) and (22), the value range of λ 0 should be determined by (24) . With the values of the desired resonant frequencies f L and f H , the value range of λ 0 is calculated to be 18mm λ 0 30mm. In our work, the value of λ 0 is set to be 26mm, the value of k is set to be 0.25, and the value of θ max is 70 • in (21) and (22). Then, the thickness of the skin layer and the foam layer is calculated to be h 1 = 0.633mm and h 2 = 4.982mm, respectively. Considering the manufacturability, the thickness of the skin layer, the foam layer, and the core layer is set to be h 1 = 0.6mm, h 2 = 5mm, and h 3 = 3.5mm, respectively.
Subsequently, the values of the equivalent circuit parameters in Fig.3 (b) should be derived. For this purpose, we first assign the resonant frequencies of the two FSS arrays. For the first FSS array, resonant frequencies of the transmission poles and the transmission zeroes are:
.5GHz, and f 1 z2 = 16GHz. For the second FSS array, the resonant frequencies are
, and f 2 z2 = 21GHz. In order to obtain the flat-top characteristic, values of g i (i = 0, 1, 2, 3) in (4) and (5) are set as follows: g 0 = 1, g 1 = 1.414, g 2 = 1.414 and g 3 = 1. It is worth pointing out that the thickness of the core layer is designed according to the second frequency band in our work, which will cause the design errors of the first frequency band. To improve the design accuracy, we apply the modification strategy in [27] . With the modification strategy, corrections on the resonant frequency and the bandwidths of the first frequency band are carried out as follows: f L = 9.7GHz and BW 1 = 1.7GHz. With the modified values of the resonant frequency and bandwidth, values of the equivalent circuit parameters can be calculated by (4) ∼ (13). The calculated values are shown in Table 1 . Once the values of the equivalent circuit parameters are obtained, the transmission coefficient curve can be calculated using (14) ∼ (20) . Then, the structural parameters of the FSS elements can be derived with the curve fitting method in [27] and the optimized structural parameters are shown in Table 2 .
B. THE SIMULATED RESULTS AND DISCUSSIONS
To investigate the transmission characteristic of the designed radome wall, full-wave simulation software HFSS has been adopted. In the HFSS software, the simulation model is established according to the optimized structural parameters. Then, the calculated transmission coefficient at normal incidence together with the result obtained by the transfer matrix method (TMM) is shown in Fig. 5 . It can be observed that the designed radome wall can provide two pass-bands with the second-order characteristic. Also, comparisons between the results obtained by the two methods are shown in Table 3 . We can find that the results obtained by the two methods agree with each other well, which demonstrates the validity of the proposed design method. Compared with the desired values of the resonant frequencies and bandwidths, the proposed method shows good design accuracy. For the first frequency band, the maximum deviation in resonant frequency and bandwidth is 1% and 2.5%, respectively. For the second frequency band, the maximum deviation in resonant frequency is 1.4% and in bandwidth is 2.7%. Fig.6 shows the transmission coefficients of the composite radome wall at normal incidence with different polarization angles. As observed, the transmission coefficient curve keeps almost unchanged with different polarization angles. This high polarization stability mainly benefits from the symmetrical structure of the FSS elements. Also, to investigate the angular stability of the composite radome wall, the transmission coefficients at oblique incidence under different polarizations have been calculated. As shown in Fig.7 , it can find that the two pass-bands show great angular stability for both TE and TM polarizations. For TE polarization, if the incident angle increases to 60 • , the insertion loss within the first passband increases to −1.34dB, which is still acceptable. Also, the bandwidth ratio at 60 • is 0.912 and 1.017 for the first and the second pass-band, respectively. Here, the bandwidth ratio is defined as the ratio of bandwidth at oblique incidence and the bandwidth at normal incidence. Obviously, the closer the value of bandwidth ratio is to 1, the better the angular stability is. For TM polarization, when the incident angle reaches 60 • , the two pass-bands remain almost unchanged. The flat-top characteristic within the second pass-band is even improved. And the bandwidth ratio of the two passbands is 0.95 and 0.909, respectively. The good angular stability of the designed composite radome wall demonstrates that the validity of our design strategy for the outer multilayer dielectric substrate composed of low and high permittivity layers. 
C. THE EXPERIMENTAL VERIFICATIONS
For further verification, a dual-band composite radome wall has been fabricated according to the optimized structural parameters. As shown in Fig. 8 , the two FSS arrays are printed on both sides of the core layer using the standard printed circuit board (PCB) process technology. The PMI foam layer and the skin layer (GFRC) have been bonded outside the FSS arrays. The FSS arrays are composed of 62× 62 elements and the overall size of the prototype is about 500mm×500mm. The transmission coefficients of the fabricated radome are measured in a microwave chamber with a free-space measurement system. As shown in Fig.9 , the measurement system is mainly composed of two horn antennas, a turntable and a vector network analyzer (Agilent N5242A). The fabricated composite radome is placed on the turntable to control the incident angle of the electromagnetic wave. To ensure the composite radome is excited by the plane wave, distance between the fabricated radome and the transmitting antenna and the receiving antenna is about 10m and 0.8m, respectively. Limited by the working frequency range of the horn antennas, the testing frequency is ranging from 5GHz to 17GHz. In addition, the measurement is carried out with the following steps to ensure the accuracy: 1) Measure the S-parameter without the fabricated radome S 21 . 2) Measure the S-parameter with the fabricated radome S'21. 3) Calculate transmission coefficient with τ = 20 log 10 S 21 /S 21 .
The measured transmission coefficients together with the simulated results are shown in Fig. 10 . It can be observed that the measured results agree with the simulated ones very well. Although the testing frequency range is from 5GHz to 17GHz, the good agreements still verify the validity of the proposed method. Also, the high angular stability of the designed composite radome wall can be observed from the measured results. Compared with the simulated results, there are two main discrepancies. One is that the insertion losses in the two pass-bands are larger than the simulated results. This is mainly caused by the loss of the FSS arrays and the fabrication errors, which have not been taken into consideration in the full-wave simulations. The other is that there are unexpected ripples in the transmission coefficient curves, which are mainly caused by the diffraction of the fabricated composite radome. In spite of these discrepancies, our design method can be demonstrated by the measured results.
IV. CONCLUSION
A design method for synthesizing FSS based dual-band composite radome wall with high angular stability has been proposed. By establishing the novel equivalent circuit model depicting the dual-band second-order transmission characteristic, the design method for single band radome wall can be applied to synthesize the dual-band radome wall. Also, principles and equations for determining the dielectric layers have been provided to obtain the high angular stability of the radome wall. An FSS radome wall has been designed and fabricated according to the optimized structural parameters obtained with the proposed method. It is demonstrated that the designed composite radome wall can provide two passbands operating at 10GHz and 14GHz, respectively and the two pass-bands are stable at 60 • incident angle for both TE and TM polarizations. Both the simulated and the measured results demonstrate that the proposed method can be applied to design dual-band radome wall with high angular stability requirements. VOLUME 7, 2019 
